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Origin and Evolution of the Sierra Nevada and Walker Lane themed issue

Pliocene sinistral slip across the Adobe Hills, eastern California–western
Nevada: Kinematics of fault slip transfer across the Mina deflection
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ABSTRACT
The Adobe Hills region (California and
Nevada, USA) is a faulted volcanic field
located within the western Mina deflection,
a right-stepping zone of faults that connects the northern Eastern California shear
zone (ECSZ) to the south with the Walker
Lane belt (WLB) to the north. New detailed
geologic mapping, structural studies, and
40
Ar/ 39Ar geochronology in the Adobe Hills
allow us to calculate fault slip rates and test
predictions for the kinematics of fault slip
transfer into the Mina deflection. The Adobe
Hills are dominated by Pliocene tuffaceous
sandstone, basaltic lavas that yield 40Ar/ 39Ar
ages between 3.13 ± 0.02 and 3.43 ± 0.01 Ma,
and basaltic cinder cones. These Pliocene
units unconformably overlie Middle Miocene
latite ignimbrite that yields an 40Ar/ 39Ar age
of 11.17 ± 0.04 Ma, and Quaternary tuffaceous sands, alluvium, and lacustrine deposits cap the sequence. Northwest-striking normal faults, west-northwest–striking dextral
faults, and northeast-striking sinistral faults
cut all units; the northeast-striking sinistral
faults are the youngest and most well developed fault set. We calculate ~0.1 mm/yr of
approximately east-west horizontal extension and northwest dextral shear since the
Pliocene. The prominent northeast-striking
sinistral faults offset basalt ridgelines, normal fault–hanging-wall intersections, a
channelized basalt flow, a basalt flow edge,
and a basalt flow contact a net minimum of
921 ± 184 to 1318 ± 264 m across the Adobe
Hills. These measured sinistral offsets yield
a minimum Pliocene sinistral fault slip rate
of 0.2–0.5 mm/yr; our preferred minimum
slip rate is 0.4–0.5 mm/yr. The geometry
and orientation of the prominent sinistral
*Present address: Freeport-McMoRan Copper &
Gold, P.O. Box 586, Bagdad, Arizona 86321, USA.

faults are consistent with simple shear/couple
clockwise block rotation within a broad dextral shear zone. Vertical axis block rotation
data are needed to test this interpretation.
We propose that a set of faults subparallel to
Sierra Nevada–North America motion and
associated releasing steps, located west of the
White Mountains fault zone and east of
the Long Valley Caldera, transfer a portion
of dextral Owens Valley fault slip northwestward onto the sinistral faults in the Adobe
Hills. Dextral slip distributed across faults
between the White Mountains fault zone and
the Sierra Nevada and east of the Fish Lake
Valley fault zone may account for the apparent discrepancy between summed long-term
geologic slip rates and present-day geodetic
rates across the northern ECSZ. Fault slip in
the Adobe Hills is part of a regional pattern
of initiation and renewal of dextral, sinistral,
and normal fault slip during the Pliocene
that extends from lat ~40°N to ~36°N within
the ECSZ-WLB and along the western margin of the Basin and Range Province. This
regional deformation episode may be related
to changes in gravitational potential energy.
INTRODUCTION
Geologic and geodetic studies indicate that
the San Andreas fault accommodates ~75%–
80% of relative dextral motion between the
Pacific–North American plates, and the Eastern California shear zone (ECSZ)–Walker
Lane belt (WLB) accommodates the remaining
20%–25% (Fig. 1A) (e.g., Dokka and Travis,
1990; Dixon et al., 1995, 2000; Bennett et al.,
2003; Frankel et al., 2007; Lee et al., 2009a).
In the northern ECSZ, dextral shear is primarily accommodated along four major northweststriking dextral faults (Fig. 1B). These faults
transfer slip northward onto several smaller
primarily east-northeast–striking faults within
the Mina deflection, an ~125-km-long, ~45-km-

wide deformation zone. The Mina deflection
transfers slip northward onto northwest-striking
dextral faults of the central WLB (Figs. 1B and
2). Thus, the Mina deflection defines an eastnortheast–trending right-stepping relay zone
within a dominantly northwest-trending dextral
shear zone.
Three mechanisms have been proposed to
explain the fault kinematics that accommodate
displacement transfer across the Mina deflection: (1) the displacement-transfer model (Fig.
3A) (Oldow, 1992; Oldow et al., 1994), in which
connecting faults transfer slip via normal slip;
(2) the transtensional model (Oldow, 2003) (Fig.
3B), in which oblique (sinistral) normal slip
occurs along the connecting faults; and (3) the
simple shear couple/fault block rotation model
(Wesnousky, 2005) (Fig. 3C), in which sinistral
slip occurs along the connecting faults. Geologic map relations, structural data, and seismicity in the northern ECSZ, Mina deflection,
WLB, and Basin and Range Province led Oldow
(1992) and Oldow et al. (1994) to propose the
displacement-transfer model for the Mina
deflection, whereby extension across northeaststriking normal faults proportionally accommodates the magnitude of Middle Miocene to
Pliocene dextral fault slip transferred between
the northern ECSZ and central WLB (Fig. 3A).
Using a combination of global positioning system velocities, earthquake focal mechanisms,
and fault-slip inversions, Oldow (2003) postulated that instantaneous deformation across the
Mina deflection region is currently accommodated by transtension (Fig. 3B). In this model,
deformation in the western Mina deflection is
characterized by extension-dominated transtension, whereas the eastern part is characterized by wrench-dominated transtension. Fault
geometries, sinistral offset, and paired basins at
the ends of active east-northeast–striking faults
in the Mina deflection led Wesnousky (2005)
to hypothesize that during the Holocene, fault
blocks bounded by northeast-striking sinistral
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Figure 1. (A) Simplified tectonic map of the western U.S. Cordillera
showing the modern plate boundaries and tectonic provinces. Basin and
Range Province is in medium gray; Central Nevada seismic belt (CNSB),
eastern California shear zone (ECSZ), Intermountain seismic belt (ISB),
and Walker Lane belt (WLB) are in light gray; Mina deflection (MD) is
in dark gray. (B) Shaded relief map of the WLB and northern part of
the ECSZ showing the major Quaternary faults. Solid ball is located on
the hanging wall of normal faults; arrow pairs indicate relative motion
across strike-slip faults; white dashed box outlines location of Figure
2; light gray shaded areas show the Mina deflection and the Carson
domain. BSF—Benton Springs fault; CF—Coaldale fault; DSF—Deep
Springs fault; DVFCFLVFZ—Death Valley–Furnace Creek–Fish Lake
Valley fault zone; GHF—Gumdrop Hills fault; HLF—Honey Lake fault;
HMF—Hunter Mountain fault; MVF—Mohawk Valley fault; OVF—
Owens Valley fault; PLF—Pyramid Lake fault; PSF—Petrified Springs
fault; QVF—Queen Valley fault; SLF—Stateline fault; SNFFZ—Sierra
Nevada frontal fault zone; WMFZ—White Mountains fault zone;
WRF—Wassuk Range fault; WSFZ—Warm Springs fault zone.
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faults rotated clockwise in response to northwest-dextral shear across the Mina deflection
(Fig. 3C). Paleomagnetic studies in the eastern
Mina deflection imply clockwise rotation of
20°–30° since Late Miocene to early Pliocene
time (Petronis et al., 2007, 2009), and paleomagnetic studies in the northwestern corner of
the Mina deflection indicate clockwise rotations

38

of ~74° and ~14° since the Miocene and Pliocene, respectively (Rood et al., 2011). These
data suggest that the Wesnousky (2005) model
is also applicable to older deformation within
the Mina deflection. In contrast, geologic studies centered on Quaternary faults in the Queen
Valley area did not yield evidence for recent
clockwise block rotation (Lee et al., 2009b),
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suggesting that clockwise rotation is temporal
and/or occurs in discrete zones within the Mina
deflection.
The results from new detailed geologic mapping, kinematic, and 40Ar/39Ar geochronology
studies completed in the Adobe Hills, western Mina deflection, are reported in this paper.
These data allow us to test models for fault

Pliocene fault slip across the Adobe Hills
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The Adobe Hills, an ~110 km2 faulted volcanic field located east of the Sierra Nevada,
are located along the eastern edge of the Mono
Basin within the western Mina deflection (Figs.
1B, 2, and 4). The Mina deflection is underlain
by Paleozoic miogeoclinal sedimentary rocks
and Mesozoic volcanic rocks and granitic plutons, Neogene ignimbrite, andesite, and basalt
flows, tuffaceous sediments, and volcanic breccias, and Quaternary lacustrine and eolian sediments (e.g., Gilbert et al., 1968; Krauskopf and
Bateman, 1977; Oldow, 1992; Reheis et al.,
2002; Bradley, 2005; Tincher and Stockli, 2009;
Petronis et al., 2009; Oldow et al., 2009; this
study). Structural, paleomagnetic, and strontium
isotopic studies suggest that east-northeast– to
northeast-striking active sinistral faults within
the Mina deflection followed mid-Paleozoic to
Mesozoic contractional structures, which followed the morphology of an embayment in the
early Paleozoic rifted continental margin of the
western U.S. (Oldow et al., 1989, 2009; Tosdal
et al., 2000).
Pliocene basaltic lavas and cinder cones
form the Adobe Hills, interfinger with lesser
early Pliocene lacustrine sediments, and overlie tilted Miocene latite ignimbrite flows, andesites, and volcanic breccias (Gilbert et al., 1968,
this study). Two episodes of deformation in the
Adobe Hills were noted by Gilbert et al. (1968)
and our study: (1) pre-Pliocene deformation
marked by tilted and offset Miocene ignimbrite
flows where the stratigraphic throw is larger
than the throw of basalt flows, and (2) Pliocene
to present deformation evidenced by normal,
dextral, and sinistral faulting of Pliocene basalt
flows. Extension and strike-slip faulting across
the area has formed a complex ridge and valley
morphology.
As part of a larger mapping project, Krauskopf and Bateman (1977) mapped the southern
Adobe Hills at a 1:62,500 scale and documented
welded latite tuff, basalt flows, and basalt scoria
cut by northwest-, north-south–, and northeasttrending normal faults. Reheis et al. (2002)
completed a more detailed geologic map of
the western Adobe Hills that focused on Quaternary units, faults, and the Adobe Hills Spillway bedrock channel. Formation of the Adobe

118.50
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slip transfer across the Mina deflection. From
these data, we infer that a portion of dextral slip
along the Owens Valley fault is transferred to
the sinistral faults in the Adobe Hills and that
Pliocene deformation in the Adobe Hills is part
of a regional Pliocene event the length of the
ECSZ-WLB.

37.00

Figure 2. Shaded relief map of the southern part of the Mina deflection and northern part
of the eastern California shear zone showing the major Quaternary faults. Solid black ball
is located on the hanging wall of normal faults; arrow pairs indicate relative motion across
strike-slip faults. Heavy arrow in northwest corner of map shows the present-day motion
of the Sierra Nevada (SN) with respect to North America (NA) (Dixon et al., 2000). Location of the Adobe Hills geologic map shown in Figure 4A is outlined with a dashed line and
location of this map is shown in Figure 1. PS—Pizona Springs; CF—Coaldale fault; CSF—
Coyote Springs fault; DSF—Deep Springs fault; FLVFZ—Fish Lake Valley fault zone;
HCF—Hilton Creek fault; OVF—Owens Valley fault; QVF—Queen Valley fault; RVF—
Round Valley fault; WMFZ—White Mountains fault zone.

Hills Spillway suggests that Pleistocene faulting lowered topography and allowed southward
drainage of Pleistocene Lake Russell (Reheis
et al., 2002).
GEOLOGIC ROCK UNITS AND AGES
The oldest unit exposed in the Adobe Hills
comprises tilted Late Miocene welded and
unwelded porphyritic plagioclase + biotite ±
augite–bearing latite ignimbrite (Figs. 4 and 5).
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Welded ignimbrite is exposed in the northern
Adobe Hills at the foothills of the Excelsior
Mountains, while a single outcrop of unwelded
ignimbrite is exposed in the footwall of a normal
fault in the southern Adobe Hills (Fig. 4). Nearly
horizontal late Pliocene aphyric to phyric olivine + pyroxene– and plagioclase-bearing basalt
flow cover ~80% of the Adobe Hills region and
unconformably overlie tilted latite ignimbrite.
The relatively high standing exposure of Mlt in
the northeastern part of the field area (locality
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Figure 3. Block diagrams illustrating models proposed to explain fault slip transfer across
the Mina deflection. (A) Displacement transfer model in which normal slip along connecting
faults transfers fault slip (modified from Oldow, 1992; Oldow et al., 1994). (B) Transtensional model showing a combination of sinistral and normal slip along connecting faults.
(C) Clockwise block rotation model in which sinistral slip along connecting faults, combined
with vertical axis rotation of intervening fault blocks, transfers fault slip (modified from
McKenzie and Jackson, 1983, 1986). Single-barbed arrows show dextral fault motion across
faults of the Eastern California shear zone (ECSZ) and Walker Lane belt (WLB) and sinistral motion along faults in the Mina deflection; half-circle double-barbed arrows indicate
clockwise rotating fault blocks; solid ball is located on the hanging wall of normal slip faults;
thin short lines indicate slip direction on fault surfaces.

of the 40Ar/39Ar sample that yields a 11.17 ±
0.04 Ma age; see following) and the curved MltPbo contact (Fig. 4) along both cross-sections
suggest that Mlt had paleorelief prior to eruption
of the Pliocene basalt lavas (Fig. 4). Four different basalt flow units, mapped based on miner-

40

boulder-sized clasts of basalt lava (a channelized rubble basalt flow) containing sector-zoned
pyroxene is exposed in the south-central part
of the map area (Figs. 4A and 5). Lacustrine
deposits and tuffaceous sandstones are locally
interbedded with lower basalt flows; 13 Pliocene red-weathering cinder cones overlie basalt
flows. Quaternary sediments in the Adobe Hills
include undifferentiated tuffaceous sands, playa
deposits, basalt alluvium, landslides, and eolian
deposits. Quaternary lacustrine deposits and
beach gravels are concentrated in the western
Adobe Hills (Reheis et al., 2002).

alogy and flow character, interfinger across the
Adobe Hills. The source areas for these flows
were not observed. Basalt flows thin to the
north and northeast, where they mantle older
ignimbrite units (Fig. 4A) (Gilbert et al., 1968).
A unique channel of subrounded cobble- to
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To constrain the age of basalt flows and faulting, and to calculate fault slip rates in the Adobe
Hills, one ignimbrite sample and five basalt
samples were dated using 40Ar/39Ar incremental heating techniques (Figs. 4A and 6; Table 1;
Supplemental File 11). Analytical and data
interpretation techniques are described in the
Supplemental File (see footnote 1). Plagioclase
separated from a welded latite ignimbrite from
the northeastern Adobe Hills (unit Mlt; sample
AH09–41) yields an 40Ar/39Ar plateau age of
11.17 ± 0.04 Ma. Groundmass concentrates
from samples of dense basalt flow interiors yield
either plateau ages or decreasing age spectra
due to 39Ar recoil (Turner and Cadogan, 1974;
Onstott et al., 1995). Recoil model ages for these
recoil-affected samples are calculated by incorporating age dispersion into the weighted mean
age error, and are interpreted as the most reliable ages. The oldest dated basalt flow, unit Pbc
(sample AH09–42), collected on the same ridge
as the dated welded ignimbrite, yields a plateau
age of 3.43 ± 0.01 Ma. Two unit Pbo basalt flows
were dated; one from the top of a normal fault–
bounded ridge (sample AH08–35) yields a plateau age of 3.28 ± 0.03 Ma, and the other from
the base of the same ridge (sample AH09–201)
yields a recoil model age of 3.39 ± 0.03 Ma. The
channelized, rubble basalt flow, unit Pbr (sample
AH08–19b), offset along a sinistral fault in the
south-central Adobe Hills, yields an 40Ar/39Ar
plateau age of 3.20 ± 0.03 Ma. The youngest
dated basalt flow, collected from unit Pbc at the
top of a sinistral fault scarp in the northeastern
Adobe Hills (sample AH08–33), yields a recoil
model age of 3.13 ± 0.02 Ma. Our geochronologic data suggest that the basalt flows exposed
across the Adobe Hills were emplaced over a
short time period, <400 k.y.
1
Supplemental File 1. PDF file of 40Ar/39Ar analytical techniques. If you are viewing the PDF of this
paper or reading it offline, please visit http://dx.doi
.org/10.1130/GES00825.S1 or the full-text article on
www.gsapubs.org to view Supplemental File 1.
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SYMBOLS

Latite ignimbrite. Unwelded to welded, biotite-bearing latite ignimbrite deposits variable in color. The unwelded ignimbrite underlies
basalts in the southern Adobe Hills and is dark brown to ashy black, friable, and contains 4% subrounded basalt (4–5 mm), subangular red
granite (~3 mm), and wood lithics. Minerals include 0.5% euhedral biotite (<1 mm) and 0.5% subhedral plagioclase (1–2 mm). Visible flow
features are absent. The welded ignimbrite, which is a ridge-former mantled by younger basalt lavas in the northern Adobe Hills, is white,
pink, or dark gray in color, porphyritic with gray to dark gray angular basalt lithics up to 30 mm in diameter. Phenocrysts include ~1%
euhedral-subhedral biotite (1–2 mm) and ~1% gray to clear plagioclase (1–2 mm) within an aphanitic groundmass. Some flows exhibit
eutaxitic texture. 40Ar/39Ar geochronology on plagioclase yields an age of 11.17 ± 0.04 Ma for this unit.

Lacustrine sediments. Alternating beds of tan cross-bedded sandstones and white, silt-sized siliceous lake deposits underlying basalt
lavas.

Mlt

Tuffaceous sandstone. Tan to light orange weathering, tan to brown, fine- to medium-grained, poorly sorted, moderately friable,
tuffaceous sandstone comprised of 10% angular to subangular tabular pumice clasts (1–4 mm), 3% angular and subrounded obsidian, and
scoria lithics (1–2 mm).
Pts

Pls

Pbp

Pb

Basalt scoria. Red and black scoria deposits ranging in size from near sand to cobble with scarce phenocrysts of olivine, pyroxene, and
plagioclase. Sourced from nearby volcanic center.

Pvc

Basalt lava. Pbp—Brown to tan weathering, light to medium gray, weakly phyric (~ 1%) basalt lava. Phenocrysts consist of euhedral,
translucent plagioclase within a crystalline groundmass. Pbo—Brown weathering, light to dark gray, flaggy, weakly phyric (< 1%)
basalt lava. Phenocrysts consist of euhedral to subhedral olivine (1–2 mm) and pyroxene (1–2 mm) in a microcrystalline groundmass.
40
Ar/39Ar geochronology on basalt groundmass records ages of 3.28 ± 0.03 Ma and 3.39 ± 0.03 Ma. Pbr—Basalt lava rubble
characterized by rounded cobble to boulder-sized clasts of black, vesicular, phyric basalt. Phenocrysts include zoned pyroxene, olivine,
and plagioclase in a coarse crystalline groundmass. 40Ar/39Ar geochronology on basalt groundmass yields an age of 3.20 ± 0.03 Ma.
Pbc—Red to brown weathering, light to dark gray, phyric basalt lava. Phenocrysts consist of 5–10% glomerocrysts of euhedral to
subhedral pyroxene (1–7 mm) and olivine (1–4 mm), and trace plagioclase phenocrysts (<1 mm) in a crystalline groundmass. 40Ar/39Ar
geochronology on basalt groundmass yields ages of 3.13 ± 0.02 Ma and 3.43 ± 0.01 Ma. Pb—Undifferentiated basalt lava.

Beach gravel. White, chalky, massive carbonate deposits mantling basalts in the western Adobe Hills. Gravel-sized clasts and gastropod
fossils are common. This unit is interpreted to represent middle to early Pleistocene high stands of Mono Lake (Reheis et al., 2002).

Pbs

Pbc
Pbr
Pbo

Basalt colluvium. Angular basalt cobbles to boulders sourced up slope; common near fault scarps.

Qc

Qls

Qlo

Playa deposits. White silt to mud-sized shallow-water playa deposits.

Landslide deposits. Angular basalt cobbles to boulders that define a hummocky surface.

Qf

Terrace. Fluvial sediments deposited upon basalt bedrock proximal to a channel.

Fan deposits. Angular basalt cobbles to boulders and eolian tuffaceous sand that define a convex up, fan morphology.

Qp

Undifferentiated sediments. Eolian tuffaceous sand, fan deposits, and playa deposits following Reheis et al. (2002).

Eolian tuffaceous sand. White sand containing tabular pumice fragments up to ~ 8 mm, glass shards, and quartz grains.

Q
Qt

Qe

EXPLANATION
Sedimentary and Volcanic Units

Figure 4 (on this and following page). (A) Geologic map of the Adobe Hills region (1:24,000 scale). See Figure 2 for location. Figure 4A is
intended to be viewed at a width of 38.3 in. To view the full-sized figure, please visit http://dx.doi.org/10.1130/GES00825.S2.
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the geologic map shown in A (see A for section locations and unit descriptions). Figure 4B is intended to be viewed at a width of 23.6 in. To
view the full-sized figure, please visit http://dx.doi.org/10.1130/GES00825.S3.
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North-northwest–striking normal faults, westnorthwest–striking dextral faults, and northeaststriking sinistral faults cut and offset Miocene
ignimbrite flows, Pliocene sediments and basalt
flows, and some Pliocene cinder cones (Figs. 4
and 7). Fault scarps are primarily characterized
by nearly vertical faces that expose flow features
within basalt, and slickenlines are rare. Seismicity in the area indicates that faults are still
active (Ryall and Priestly, 1975; Rogers et al.,
1991; dePolo et al., 1993); however, ash fallout
and wind-blown volcanic glass, ash, and small
lithics from Mono and Inyo Craters obscure
latest Pleistocene and Holocene fault scarps, if
developed. Reheis et al. (2002) noted that some
fresh fault scarps are exposed in the western
Adobe Hills.
Fault Geometry and Geomorphology
Although a small data set, tilted bedding and
flow foliation measurements within Mlt along
with paleorelief on Mlt suggest an episode of
deformation prior to eruption of the Pliocene
basalt lavas. Map, structural, paleomagnetic,
and geochronologic data reveal Late Miocene
east-west extension, dextral slip, and vertical axis rotations within the central WLB and
northern ECSZ (e.g., Dilles and Gans, 1995;
Stockli et al., 2003; Tincher and Stockli, 2009;
Rood et al., 2011), indicating that the region
underwent deformation at that time. This
deformation episode combined with erosion
likely resulted in the paleorelief along the
unconformity between Mlt and the overlying
Pliocene lavas (Fig. 4). However, because of
the limited exposure of Mlt, the nature of this
Late Miocene deformation in the Adobe Hills
area is not known.
The oldest set of faults are north-south- to
northwest-striking curvilinear to straight normal faults that are ~0.2–2 km in length and
10–130 m in fault scarp height (Figs. 4 and 7).
Evidence for normal faulting includes linear to
moderately curved valleys in conjunction with
vertically offset basalt flows and exposed Miocene ignimbrite flows and Pliocene sandstone
in the footwall of faults. In the southern Adobe
Hills, normal faults strike northwest near the
trace of fault 3 and strike north with increasing
distance away from this fault (Figs. 4A and 7).
Some normal faults in the Adobe Hills are sinistrally or dextrally offset, while others define left
steps along sinistral faults (Figs. 4A, 7, and 8).
All normal faults displace late Pliocene basalt
flows and older units; therefore, all normal faulting postdates Pliocene basalt volcanism, and
mostly predates sinistral faulting.

Pliocene fault slip across the Adobe Hills
Pbs (basalt scoria)–Red and black, angular to subrounded deposits of scoria clasts ranging in size
from near sand to cobble with scarce phenocrysts of olivine, pyroxene, and plagioclase. Sourced
from nearby volcanic center.
Pvc (volcanic center)–Red weathering, commonly cone-shaped volcanic center with smaller than
pebble sized basalt cinder, pebble to cobble-sized scoria, and volcanic bombs and blocks, and
vesicular breccia blocks.

50 m

Pliocene

Pbr (basalt lava rubble)–Rounded cobble to boulder-sized clasts of black, vesicular, phyric basalt
which contains oscillatory and sector zoned pyroxene, olivine, and plagioclase phenocrysts in a
coarse crystalline groundmass. 40Ar/39Ar geochronology on basalt groundmass yields an age of
3.20 ± 0.03 Ma.

Pbp, Pbc, and Pbo (interfingered basalt lava flows). Pbp–Brown to tan weathering, light to
medium gray, weakly phyric (~1%) basalt lava contains euhedral, translucent plagioclase phenocrysts
within a crystalline groundmass. Pbc–Red to brown weathering, light to dark gray, phyric basalt lava
contains 5–10% glomerocrysts of euhedral to subhedral pyroxene (1–7 mm), olivine (1–4 mm), and
trace plagioclase phenocrysts (<1 mm) in a crystalline groundmass. 40Ar/39Ar geochronology on
basalt groundmass records ages of 3.13 ± 0.02 Ma stratigraphically high within this unit and 3.43 ±
0.01 Ma at the base of the unit. Pbo–Brown weathering, light to dark gray, flaggy, aphryic to weakly
phyric (< 1%) basalt lava contains euhedral to subhedral olivine (1–2 mm) and pyroxene (1–2 mm)
phenocrysts in a microcrystalline groundmass. 40Ar/39Ar geochronology on basalt groundmass
records ages of 3.28 ± 0.03 Ma at a ridge top and 3.39 ± 0.03 Ma at the base of this ridge.

Miocene

Pts (tuffaceous sandstone)–Exposed in the southern Adobe Hills, this tan to light orange
weathering, tan to brown, fine- to medium-grained, poorly sorted, moderately friable, tuffaceous
sandstone is comprised of 10% angular to subangular tabular pumice clasts (1–4 mm), 3% angular
and subrounded obsidian, and scoria lithics (1–2 mm).
Pls (lacustrine sediments)–Locally exposed sequence of alternating beds of tan to brown,
cross-bedded volcaniclastic sandstone, white diatomite, and mudstone interfingered with
palagonitized basalt flows. Friable volcaniclastic sandstone interbeds range from 18–23 cm thick,
are moderately sorted, and are composed primarily of basalt clasts and volcanic glass. Chalky,
thick-bedded (up to 2.1 m) diatomite contains leaf fossils and fresh water diatoms.
Mlt (latite ignimbrite)–Unwelded dark brown to ashy black, friable ignimbrite exposed in the
southern Adobe Hills contains 4% lithics comprised of subrounded basalt (4–5 mm), subangular
red granite (~3 mm), and wood, and 0.5% euhedral biotite (<1 mm) and 0.5% subhedral plagioclase
(1–2 mm). Visible flow features are absent. The ridge-forming, porphyritic, welded white, pink, or dark
gray ignimbrite exposed in the northern Adobe Hills contains gray to dark gray angular basalt lithics
up to 30 mm in diameter and ~1% euhedral-subhedral biotite (1–2 mm), ~1% gray to clear
plagioclase (1–2 mm), and trace augite phenocrysts. Some flows exhibit eutaxitic texture. Ignimbrite
flows range in dip from 50° to 86° towards the E and SE. 40Ar/39Ar geochronology on plagioclase
yields an age of 11.17 ± 0.04 Ma for this unit.

Figure 5. Stratigraphic column of Miocene and Pliocene volcanic and sedimentary rocks exposed in the Adobe
Hills. Relative thicknesses are shown.
A few northwest-striking, right-lateral faults,
exposed near the southern boundary of the Adobe
Hills (Figs. 4A and 7), are the least abundant fault
type. These faults offset normal faults, but not
sinistral faults; therefore, dextral faulting occurred
after normal faulting and before sinistral faulting.
The youngest and most prominent faults in the
Adobe Hills are five major and numerous minor
northeast-striking near-vertical sinistral faults,

ranging from 6 to 12 km in fault trace length and
tens of centimeters to ~100 m in scarp height
(Figs. 4 and 7). Sinistral faults traverse nearly
the entire field area, are well defined in the central, northern, and eastern areas, and become
more diffuse toward the south and southwest,
where they are represented by several en echelon short fault strands. Sinistral faults are characterized by linear valleys, alternating scarp

Geosphere, February 2013

facing directions along fault strike, left-stepping
extensional (Fig. 8) and right-stepping compressional stepovers, and sinistrally offset normal
fault–hanging-wall surface intersections, ridgelines, contacts, and channelized flows (Figs.
4A, 7, and 9). Linear valleys in conjunction
with fault scarps tens of centimeters to 100 m in
height along the sinistral fault traces may indicate that these faults also accommodated a small
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Figure 6. Age spectra for plagioclase within ignimbrite and
groundmass concentrate within
basalt flows. Summary of ages is
shown in Table 1 and analytical
data are listed in Supplemental File 1 (see footnote 1). Unit
descriptions are in Figures 4A
and 5. WMPA—weighted mean
plateau age; MSWD—mean
square of weighted deviates.
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component of extension in addition to the dominant sinistral offset. However, two field observations imply that the magnitude of extension is
likely negligible: (1) fault traces are linear and
crosscut topography, suggesting nearly vertical
fault dips (80°–90°), and (2) the fault scarps
change facing direction along strike, suggesting
that this geometry is the result of sinistral fault
slip along a nearly vertical fault that juxtaposed
topographic lows against topographic highs.
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Magnitude of Fault Slip and
Fault Slip Rates
The north-south- to northwest-striking normal faults in the south-southwestern Adobe
Hills suggest this area underwent approximately east-west–directed extension over a
relatively short period of geologic time, after
late Pliocene basalt emplacement, but before
Pliocene sinistral faulting began. In the absence
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of vertically displaced marker beds, we estimate a minimum approximately east-west horizontal extension magnitude along transect A
(Fig. 7), using the height of exposed fault scarps
and assuming a fault dip of 60°. The transect
records a minimum vertical offset of 495 m,
which, along with the range of basalt ages of
3.13 ± 0.02 to 3.43 ± 0.01 Ma, yields a minimum horizontal extension rate of ~0.1 mm/yr.
The rate of approximately east-west extension

TABLE 1. SUMMARY OF 40Ar/ 39Ar AGES
Plateau
Age
Age
Sample
Unit
Coordinates
(Ma)
±1σ
MSWD
(Ma)
±1σ
AH09-41
Mlt
38°3.6400, 118°37.6116
11.17
0.04
1.92
11.17
0.03
AH09-42
Pbc
38°3.6816, 118°37.5750
3.43
0.01
1.36
3.41
0.01
AH09-201
Pbo
38°0.1812, 118°41.0100
3.39*
0.03
10.54
3.41
0.03
AH08-35
Pbo
38°0.1140, 118°41.2350
3.28
0.03
0.35
3.38
0.09
AH08-19b
Pbr
38°0.7464, 118°41.6280
3.20
0.03
0.39
3.33
0.09
AH08-33
Pbc
38°3.6906, 118°36.1794
3.13*
0.02
7.93
3.14
0.02
Note: See Figures 4 and 5 for unit descriptions. MSWD—mean square of weighted deviates.
*Recoil model age. Supplemental data and detailed methodology are in Supplemental File 1 (see text footnote 1).
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Figure 7. Faults from the geologic map of the Adobe Hills (see Fig. 4A) compiled on digital orthophotographs highlighting primary sinistral
fault zones and locations of measured lateral offset. Normal faults are shown in white; sinistral and dextral faults are shown in black. Solid
ball, hachures, and paired arrows are defined in Figure 2. See text for discussion of slip calculations along transects.

could be an order of magnitude higher if this
extensional episode, bracketed between basalt
emplacement and onset of sinistral faulting,
were a few hundred thousand years.
Dextral faults are limited to the southern
Adobe Hills and offset normal faults, but do not
offset sinistral faults. One northwest-striking
dextral fault in the southern Adobe Hills offsets
a normal fault–hanging-wall surface intersection lineation and Pbo basalt ridgeline by 281 ±
42 m. This offset measurement, combined with
an 40Ar/39Ar basalt age range of 3.28 ± 0.03–
3.39 ± 0.03 Ma for unit Pbo, yields a minimum
dextral slip rate of ~0.1 mm/yr. Like the eastwest extension rate, the rate of dextral shear
could be an order of magnitude higher if this
deformation episode, bracketed between basalt

emplacement and onset of sinistral faulting,
were a few hundred thousand years.
The youngest, longest, and most prominent
sets of faults exposed across the field area are
five major northeast-southwest–striking sinistral fault zones. Measurable sinistral offset
magnitudes along individual fault strands range
from 151 to 527 m and calculated minimum slip
rates along individual fault zones range from 0.1
to 0.2 mm/yr (Figs. 4A, 7, and 9; Table 2).
Fault 1, located in the southeastern Adobe
Hills, offsets a Pbc basalt flow edge and a contact between a scoria deposit (Pbs) and underlying Pbo basalt flow 225 ± 33 m and 268 ± 54 m,
respectively. The latter may be an apparent offset because the contact between Pbs and Pbo is
shallow. Fault offset magnitude, combined with
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an 40Ar/39Ar basalt age range of 3.28 ± 0.03–
3.39 ± 0.03 Ma, yields a minimum sinistral slip
rate of ~0.1 mm/yr for this fault (Table 2). This
slip rate is similar or less than rates along the
other sinistral faults within the Adobe Hills (see
following), which suggests to us that the measured apparent 268 m sinistral offset of the PbsPbo contact is reasonably accurate.
Evidence for the magnitude of sinistral offset
along fault 2 is exposed along its northeastern
trace and a set of splays along its southwestern
trace. In the northeast, the fault consists of two
splays that sinistrally offset units Pbc and Pbo
and the intersection line defined by a northeastdipping normal fault and the subhorizontal surface of its hanging-wall basin a total of 695 ±
139 m (Figs. 4A, 7, and 9A). This offset measure-
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Q

Figure 8. Field photograph of a playa formed in an extensional stepover or releasing bend
along a left-stepping sinistral fault. Paired arrows show relative strike-slip fault motion;
solid ball is on the hanging wall of the normal fault. Q—undifferentiated Quaternary sediments; Qp—Quaternary playa deposits; Pb—undifferentiated Pliocene basalts.

ment, combined with ages for the top and bottom of a nearby offset Pbc basalt flow of 3.13 ±
0.02 Ma and 3.43 ± 0.01 Ma, yields a minimum
sinistral slip rate of 0.2–0.3 mm/yr (Table 2). A
zone of three small (0.4–1 km long) subparallel
sinistral faults offsets units Pbc and Pb along the
southwestern segment of fault 2 (Figs. 4A, 7, and
9B). Here, the total offset of the intersection line
between normal faults and surface of hangingwall basins, and a basalt ridgeline across the three
faults, is 523 ± 78 m. This offset measurement,
combined with a basalt 40Ar/39Ar age range of
3.13 ± 0.02–3.43 ± 0.01 Ma, yields a minimum
slip rate of 0.1–0.2 mm/yr (Table 2).
Evidence for magnitude of sinistral offset
along the trace of fault 3 is exposed toward its
southwestern end (Figs. 4A, 7, and 9C). Fault 3
sinistrally offsets a distinct channelized rubble
basalt flow (unit Pbr) 527 ± 79 m. Combining this offset with an 40Ar/39Ar age of 3.20 ±
0.03 Ma for this basalt unit yields a minimum
late Pliocene sinistral slip rate of ~0.2 mm/yr
(Table 2).
We did not observe offset geologic markers
along sinistral faults 4 and 5 (Fig. 4A). However,
the geomorphic expression for these two faults
is as well developed as fault 1, but somewhat
less well developed compared to faults 2 and 3.
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We infer, therefore, that the Pliocene sinistral
slip rate along both faults 4 and 5 is ~0.1 mm/yr.
Because we can measure offsets on only 3
of the 5 major sinistral fault zones, our calculated net sinistral offsets across transects B and
C of 921 ± 184 m and 1318 ± 264 m (Fig. 7;
Table 3), respectively, are minimum estimates.
Combining these measurements with the age
range of basalt flows of 3.13 ± 0.02 Ma to 3.43 ±
0.01 Ma yields a minimum net sinistral slip rate
of between 0.2 and 0.5 mm/yr. If our assessments that the expression of sinistral faults 4
and 5 is similar to fault 1, but less so than faults
2 and 3, are valid and each records fault slip rates
of ~0.1 mm/yr, we suggest that 0.4–0.5 mm/yr
is a reasonable estimate for a minimum Pliocene
sinistral slip rate across the Adobe Hills.
DISCUSSION
Mechanisms of Fault Slip Transfer across
the Mina Deflection
The Adobe Hills area, located in the southwestern part of the Mina deflection, accommodated late Pliocene to Holocene fault slip. Five
geomorphically prominent northeast-striking
sinistral fault zones dominate the region. Fault
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slip to a lesser extent also occurred along older
north-south– to north-northwest–striking normal faults and northwest-striking dextral faults.
All faults cut Pliocene basalts and older units,
and likely Quaternary deposits (Fig. 4A). We
calculate a minimum Pliocene sinistral fault slip
rate of 0.2–0.5 mm/yr across the Adobe Hills;
our preferred minimum sinistral slip rate is 0.4–
0.5 mm/yr. Calculated minimum Pliocene westnorthwest–east-southeast extension rates across
older normal faults and northwest dextral fault
slip rates are both ~0.1 mm/yr.
The Mina deflection defines a right step
between the northwest-striking dextral faults in
the northern ECSZ and the northwest-striking
dextral faults exposed in the central WLB (Figs.
1B and 2). The prominent northeast-striking
sinistral faults in the Adobe Hills are exposed
in the southwestern part of this right step. A
similar geometric configuration exists in the
Carson domain of the central WLB (see gray
shaded area southeast of Reno; Fig. 1B), an
~2420 km2 zone of northeast-striking sinistral
faults that transfers dextral slip between northwest-striking Pyramid Lake, Warm Springs Valley, and Honey Lake dextral faults exposed to
the north and northwest-striking Gumdrop Hill,
Benton Springs, and Petrified Springs dextral
faults exposed to the south (Cashman and Fontaine, 2000) (Fig. 1B). Paleomagnetic data from
the Carson domain indicate that dextral fault
slip transfer has occurred via ~55° to ~11° of
Miocene to Pliocene clockwise block rotation
(Cashman and Fontaine, 2000).
Clockwise rotation of blocks has been also
documented in the eastern, southeastern, and
northwestern parts of the Mina deflection.
Petronis et al. (2009, 2007) documented block
rotations of 20°–30° and 20°–25° since the Late
Miocene to early Pliocene in the Candelaria
Hills (eastern Mina deflection) and the Silver
Peak area (southeast of the Mina deflection;
Fig. 1B). Similarly, in the Bodie Hills region
northwest of Mono Lake Basin and northwest
of the Mina deflection (Fig. 1B), paleomagnetic
studies indicate clockwise rotations of ~74° and
~14° since the Miocene and Pliocene, respectively (Rood et al., 2011).
Northeast-striking right steps between dextral systems are documented elsewhere in the
northern ECSZ, and include the Queen Valley,
Deep Springs, Towne Pass, and numerous other
normal faults that transfer dextral slip from the
Owens Valley and Hunter Mountain–Panamint
Valley fault zones to the Death Valley–Fish Lake
Valley fault zone (Figs. 1B and 2) (e.g., Lee
et al., 2009b, 2001; Reheis and Dixon, 1996;
Sternlof, 1988). These faults are unlike those in
the Adobe Hills area and Carson domain in that
they act as right-stepping releasing bends and
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Figure 9. Detailed fault maps superimposed on digital orthophotographs and digital elevation map–generated contours showing left-lateral
offset of geologic features along sinistral faults 2 and 3 (see Fig. 7). (A) The intersection line of a normal fault and the surface of its hangingwall basin are sinistrally offset twice for a total of ~695 m along the northeastern segment of fault 2. (B) The southwestern segment of fault 2
is characterized by several subparallel sinistral fault strands that offset the intersection of line of normal faults and hanging-wall basins,
and a basalt ridgeline (narrow dashed line). The net offset across these sinistral faults is ~523 m. (C) The edge of the basalt rubble flow,
unit Pbr (see Figs. 4A and 5 for description), is sinistrally offset ~527 m by fault 3. Paired arrows, solid ball, and hachures are defined in
Figure 4A, and locations are shown in Figure 4A.
transfer dextral fault slip via normal faulting.
None of these faults shows geologic evidence
(e.g., oblique slip) for vertical axis rotation.
Three fault kinematic models have been
proposed to explain the mechanisms by which
dextral fault slip is transferred from the northern ECSZ through the Mina deflection and into

the central WLB. Each model was developed
for a particular time period and taken together
imply that the mechanism of fault slip transfer
has changed through time. In the displacementtransfer model, curved northeast-striking normal
faults in the Mina deflection accommodated the
magnitude of dextral fault slip transfer from the
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northern ECSZ to the central WLB during the
Middle Miocene to Pliocene (Fig. 3A) (Oldow,
1992; Oldow et al., 1994). In the Adobe Hills
region, the north-to-northwest strikes of normal
faults do not fit the northeast-striking geometry
required of this model, and the northeast-striking faults record sinistral slip with little or no
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TABLE 2. SINISTRAL FAULT SLIP RATES
Slip rate
Age
Sinistral offset§
Fault*
Offset marker†
(m)
(mm/yr)
(Ma)
1
Pbc flow edge
3.13 ± 0.02 to 3.43 ± 0.01
225 ± 34
0.1
1
Pbs/Pbo contact
3.28 ± 0.03 to 3.39 ± 0.03
268 ± 54
0.1
2
normal fault
3.13 ± 0.02 to 3.43 ± 0.01
695 ± 139
0.2–0.3
2
normal fault; ridge
3.13 ± 0.02 to 3.43 ± 0.01
523 ± 78
0.1–0.2
3
Pbr lava
3.20 ± 0.03
527 ± 79
0.2
*See text for fault descriptions.
†
See Figures 4, 7, and 9 for locations of offset markers. See Figures 4 and 5 for descriptions of Pbc, Pbs, Pbo,
and Pbr.
§
Measurements were made in the field using a handheld global positioning system unit or measured on a
1:12,000 geologic map. If the intersection of a fault and offset marker is well defined, a conservative uncertainty
of 15% was applied; if the intersection is not well defined, an uncertainty of 20% was applied.

normal slip. Therefore, this model is not applicable to this part of the Mina deflection.
In the transtensional model, instantaneous
fault slip today across the western Mina deflection is characterized by extension-dominated
transtension, and across the eastern part is
characterized by wrench-dominated transtension (Oldow, 2003) (Fig. 3B). In the Adobe
Hills, north-northwest–striking normal faults
are exposed in the southwestern part of the
Adobe Hills and accommodate a minimum
of ~0.1 mm/yr of horizontal extension, a rate
smaller than the minimum sinistral fault slip
rate (although see discussion in Magnitude of
Fault Slip and Fault Slip Rates section regarding
the possibility of an order of magnitude higher
extension rate), and are older than the sinistral
faults. Thus, in the Adobe Hills extensional
and transcurrent deformation episodes were
partitioned in space and time, and transcurrent
fault slip was the dominant deformation style.
We conclude that the extension-dominated
transtension model proposed for instantaneous
fault slip transfer today across the western Mina
deflection was not the style of deformation that
resulted in the types and geometries of faults
exposed across the Adobe Hills region.
In the simple shear couple/fault block rotation model (Wesnousky, 2005) (Fig. 3C), eastnortheast–striking sinistral faults spaced 10 km
apart in the Mina deflection rotated ~20°–30°
clockwise during the Holocene from an original
orientation nearly perpendicular to dextral faults
of the northern ECSZ and central WLB. Paired
basins on the northeast and southwest ends of
sinistral faults may have formed as a consequence of extension at the tips of sinistral faults
during rotation between bounding northweststriking dextral faults (Wesnousky, 2005). Sinistral faults in the Adobe Hills spaced 0.3–1 km

apart strike ~N40°E, while major sinistral faults
in the eastern Mina deflection strike more east
(N60°–90°E). Furthermore, none of the sinistral
faults in the Adobe Hills is a single, throughgoing structure; rather, they are characterized by
en echelon segments and splays. With continued
displacement, the en echelon fault segments and
splays might coalesce into single, throughgoing
sinistral faults (e.g., Wesnousky, 2005). Some
of the sinistral faults centered on the Adobe
Hills exhibit paired basins, consistent with the
model. For example, north of Huntoon Creek,
sinistral fault scarps along faults 2, 3, and 4 generally face northwest and basins are developed
on the northwest side of the fault traces (Figs.
4A and 7), as predicted by the model (Fig. 3C).
However, our reconnaissance mapping suggests
that the northeastern fault tips are beyond the
field area. At the southern tips of sinistral faults
2 and 4, fault scarps face southeast and basins
are developed on the southeast side of the fault
traces, as also predicted by the model (Fig. 3C).
The southern tip of fault 3 faces northwest with
a basin on its northwest side, in contrast to faults
2 and 4. Thus, sinistral faults in the Adobe Hills
have some of the features predicted by the fault
block rotation model, but not all. The complexity of fault geometries in the Adobe Hills (Figs.
4A and 7) suggests that, if fault block rotation
occurred, it likely occurred at a scale of fault
blocks spaced 0.3–1 km apart as compared to
more widely spaced (~10 km) large fault blocks
bounded by the primary sinistral faults of the
Mina deflection (Figs. 1A and 2).
Although exposed fault striations are rare
along the sinistral faults in the Adobe Hills, the
geometry and orientation of these faults with
respect to the northwest-striking dextral faults
that define the northern ECSZ to the south and
the central WBL to the north are consistent

TABLE 3. MINIMUM NET SINISTRAL FAULT SLIP RATES
Sinistral offset
Age
Transect*
(m)
(Ma)
B
921 ± 184
3.13 ± 0.02 to 3.43 ± 0.01
C
1318 ± 264
3.13 ± 0.02 to 3.43 ± 0.01
*See Figure 7 for locations of transects.
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with the simple shear couple/fault block rotation model (e.g., McKenzie and Jackson, 1983,
1986; Wesnousky, 2005) (Fig. 3C). It is therefore likely that fault blocks bounded by sinistral faults in the Adobe Hills fault zone rotated
clockwise during fault slip. Additional data are
needed to characterize fault kinematics, particularly vertical axis fault block rotation data from
paleomagnetic studies, to test the mechanisms
of fault slip transfer across the western Mina
deflection.
Kinematics of Fault Slip Transfer into the
Western Mina Deflection
Field-based studies of faults in Queen Valley, located in the southwestern part of the Mina
deflection (Figs. 1A and 2), led to a proposal
(Lee et al., 2009b) of a kinematic fault slip
model whereby 0.8–0.4 mm/yr of Pliocene to
Pleistocene dextral fault slip was transferred
northward from the White Mountains fault
zone onto sinistral faults in the western Mina
deflection via the dextral Coyote Springs fault
(Fig. 2). The Adobe Hills, across which we have
documented a minimum late Pliocene sinistral
slip rate of 0.4–0.5 mm/yr, is located west of the
northwest projection of the Coyote Springs fault
(Fig. 2). The Pizona Springs area, located east
and southeast of the Adobe Hills (Fig. 2), is at
the northwestern tip of the Coyote Springs fault.
In this area, geomorphically prominent sinistral
faults are subparallel to and as well developed
as the ones we have documented in the Adobe
Hills, and cut basalt and andesite flows (J. Lee,
2010, personal observations and mapping;
E. Hogan, 2012, personal commun.) (Fig. 2).
We therefore speculate that the Pliocene sinistral
slip rate along each sinistral fault in the Pizona
Springs area is ~0.1–0.2 mm/yr, the same as we
have documented along sinistral faults in the
Adobe Hills. If the predicted ~0.8–0.4 mm/yr
fault slip transfer rate is correct, and the Coyote
Springs fault abuts these sinistral faults, then the
Pizona Springs area of the western Mina deflection accommodated transfer of dextral slip from
the White Mountains fault zone; those in the
Adobe Hills did not.
This raises the question, what system of faults
in the northern part of the ECSZ transfers slip
onto the sinistral faults of the Adobe Hills?
Based on the orientation of dextral and normal
faults with respect to small circles about the
Sierra Nevada–North American Euler pole and
kinematic inversions of earthquake focal mechanisms, Unruh et al. (2003) postulated that normal faults in this region were the result of plate
boundary–driven northwest translation of the
Sierra Nevada microplate. Furthermore, Unruh
et al. (2003) noted that major grabens along the
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northeastern flank of the Sierra Nevada define a
westward-stepping fault array, and thus a releasing step with respect to Sierra Nevada–North
American motion. Following Unruh et al.’s
(2003) ideas, we suggest that the normal faults
exposed within the Volcanic Tableland extending northward into the southern part of Adobe
Valley, west of the White Mountains fault zone,
play a similar role and transfer dextral fault slip
northward into the Adobe Hills (Figs. 2 and 10).
The Volcanic Tableland is characterized by
east- and west-facing normal faults, with an
average strike of N10–20W (Pinter, 1995),
that cut the 758.9 ± 1.8 ka Bishop Tuff (SarnaWojcicki et al., 2000). These faults strike ~25°–
35° clockwise relative to motion of the Sierra
Nevada microplate with respect to a fixed North
American plate (Dixon et al., 2000), thus defining a releasing step. Locally within the Volcanic
Tableland, normal faults curve westward, defining zones of en echelon faults that trend ~315°,
subparallel to the Sierra Nevada–North American motion. This geometric configuration suggests that these faults accommodate dextral slip.
The normal faults extend northward and east of
the Long Valley Caldera into the Benton Range,
Black Mountain, and the southern part of Adobe
Valley (Krauskopf and Bateman, 1977; Rinehart
and Ross, 1957; Crowder and Sheridan, 1972;
Bateman, 1965; Nevin, 1963) (Figs. 2 and 10).
Pinter (1995) estimated 144–332 m of Pleistocene horizontal extension across the southern
part of the Volcanic Tableland; this estimate
combined with the age of the Bishop Tuff
yields 0.2–0.4 mm/yr of ~N75°E–S75°W extension since its eruption. Nevin (1963) estimated
~1.94 km of horizontal extension to the north,
across the southern part of Adobe Valley including Black Mountain and the Benton Range;
here, north-northwest–striking normal faults
cut Pliocene basalt flows that can be traced continuously into the Adobe Hills (Krauskopf and
Bateman, 1977). This map relation suggests that
the basalt flows exposed in the Black Mountain
and the Benton Range are probably the same
age as the ones we dated. Combining that age
range with the magnitude of horizontal extension yields ~0.6 mm/yr of approximately eastnortheast–west-southwest extension across the
southern part of Adobe Valley.
The simple fault map in Figure 10 illustrates how normal faults straddling the southern part of Adobe Valley that accommodate
approximately east-west extension transfer slip
onto the sinistral faults we have documented.
These north-northwest–striking normal faults
accommodated ~0.6 mm/yr of east-northeast–
west-southwest extension since the Pliocene.
This slip was transferred to northwest-striking
oblique-slip faults that bound the eastern margin

Figure 10. Simplified map highlighting the kinematic link between the Owens Valley fault
and sinistral faults in the Adobe Hills. Map shows faults from the Bishop region northward
to the Adobe Hills, where each major fault or fault zone is shown as a single fault (cf. fault
maps in Figs. 2 and 7). Large arrow indicates motion of the Sierra Nevada microplate (SN)
with respect to a fixed North American plate (NA) (Dixon et al., 2000). Colored arrows with
adjacent numbers indicate fault slip vectors and slip rate (in mm/yr). Red arrows show
the calculated 0.6 mm/yr approximately east–west extension across the southern part of
Adobe Valley (Benton Range and Black Mountain). Blue arrows and adjacent slip rates
indicate the partitioning of the 0.6 mm/yr vector into parallel and perpendicular vectors
along northwest-striking oblique-slip faults in the eastern Adobe Valley and northeast-striking sinistral faults in the Adobe Hills. See text for discussion. Solid ball is on the hanging
wall of normal faults, and paired arrows indicate relative motion across strike-slip faults.
CF—Coaldale fault; CSF—Coyote Springs fault; OVF—Owens Valley fault; QVF—Queen
Valley fault; WMFZ—White Mountains fault zone.
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of Adobe Valley and are likely in the valley,
although the latter are now mostly buried. Based
on the geometric relationships, slip along this
northwest-striking fault system is predicted to
be oblique, dominantly normal (~0.5 mm/yr),
with a lesser component of dextral slip (~0.3
mm/yr). The normal component is nearly parallel to the sinistral faults we mapped in the
Adobe Hills, thus predicting ~0.5–0.6 mm/yr of
sinistral slip in the Adobe Hills since the Pliocene, consistent with our preferred minimum
sinistral slip rate of 0.4–0.5 mm/yr. The dextral
component is almost perpendicular to the sinistral faults in the Adobe Hills, thus our simple
kinematic model predicts ~0.2 mm/yr of extension across the sinistral faults. However, there
is little, if any, extension accommodated along
these faults. We suggest that the predicted 0.2
mm/yr northwest-southeast extensional component of slip was partitioned onto the approximately north-south–striking normal faults that
have been documented throughout this region
by our work and in the far western Adobe Hills
(Reheis et al., 2002) as well as onto the northwest-striking dextral faults we documented.
The Pliocene east-northeast–west-southwest
horizontal extensional rate across the Black
Mountain and Benton Range could be closer to
0.4 mm/yr, the calculated east-northeast–westsouthwest horizontal extensional rate across
southern Volcanic Tableland if (1) the basalt
flows exposed in the Black Mountain and
the Benton Range are somewhat older than the
flows we studied in the Adobe Hills, (2) all of
the Pleistocene east-northeast–west-southwest
horizontal extension across the southern part of
the Volcanic Tableland was transferred to normal faults exposed in the Black Mountain and
Benton Range, and (3) fault slip rates have been
constant through time. Using the same geometric
relationships described here, the implications
for slip rates in the Adobe Hills for a 0.4 mm/yr
horizontal extension rate across Black Mountain and the Benton Range are 0.3–0.4 mm/yr
of extension and 0.1–0.2 mm/yr of dextral slip
along the northwest-striking oblique slip faults
in the eastern part of Adobe Valley and 0.3–0.4
mm/yr of sinistral slip and 0.1–0.2 of extension
across the northeast-striking sinistral faults in
the Adobe Hills. We suggest that the predicted
0.1–0.2 mm/yr northwest-southeast extensional
component of slip across the northeast-striking
sinistral faults was partitioned onto the approximately north-south–striking normal faults and
northwest-striking dextral faults exposed in the
Adobe Hills region.
Figures 2 and 10 show a series of releasing
steps between the dextral Owens Valley fault
and faults bounding the eastern edge of Adobe
Valley. The set of releasing steps from the
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northern end of the Owens Valley fault northward to Bishop indicate that dextral slip along
the Owens Valley fault is transferred to both the
White Mountains fault zone (Reheis and Dixon,
1996; Kirby et al., 2006, 2008; Sheehan, 2007)
and the Volcanic Tableland. Releasing steps are
common elsewhere within the dextral ECSZWLB, and have been described across the
Towne Pass, Deep Springs, and Queen Valley
normal faults and the Death Valley, Panamint
Valley, and Saline Valley pull-apart basins (Lee
et al., 2001, 2009a, 2009b; Oswald and Wesnousky, 2002; Stockli et al., 2000; Burchfiel
et al., 1987; Burchfiel and Stewart, 1966). Fault
slip transfer via releasing bends or extensional
stepovers is also common, at a range of scales,
within strike-slip fault systems worldwide (e.g.,
Cunningham and Mann, 2007) and has been
documented in analog models (e.g., McClay
and Dooley, 1995). Therefore, we are not surprised that a set of releasing steps, of varying
scales, occur within the northern ECSZ and
transfer slip from one major structure or set of
structures to another.
Regional Tectonics
Geologic versus Geodetic Rates
The results from our studies in the Adobe
Hills provide insight into whether there is an
apparent discrepancy between summed geologic slip rates versus geodetic rates across the
northern ECSZ (cf. Lee et al., 2009a; Frankel
et al., 2007; Kirby et al., 2006; Bennett et al.,
2003) and, combined with the results of several other studies along the eastern side Sierra
Nevada, the forces that drive deformation along
the western boundary of the Basin and Range
Province. At lat ~36.5°N, cumulative long-term
geologic dextral slip rates across the Owens
Valley, Hunter Mountain, northern Death Valley, and State Line faults yield a net dextral slip
rate that is the same, within error, as geodetic
estimates (cf. Lee et al., 2009a; Bennett et al.,
2003). In contrast, at lat ~37.5°N there is an
apparent discrepancy between the summed late
Pleistocene dextral geologic slip rates along the
Fish Lake Valley and White Mountains dextral
fault zones (Frankel et al., 2007; Kirby et al.,
2006), which at 2.4–3.9 mm/yr (Frankel et al.,
2007) is less than geodetic rates, assuming that
the geodetic dextral strain rates for the northern
ECSZ at lat ~36.5°N (9.3 ± 0.2 mm/yr) (Bennett
et al., 2003) and central WLB at lat 38°–39°N
(~10 mm/yr) (Hammond and Thatcher, 2007)
are the same as at lat 37.5°N. This apparent
discrepancy suggests that either (1) additional
dextral slip was accommodated on structures
to the east of these two faults, distributed across
Owens Valley, and/or west of the White Moun-
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tains fault zone (Frankel et al., 2007; Kirby
et al., 2006; Lee et al., 2009b), or (2) this part
of the ECSZ underwent a strain transient, as
has been observed in the Mojave Desert (Rockwell et al., 2000; Peltzer et al., 2001; Oskin and
Iriondo, 2004; Oskin et al., 2007). As described
in the following, we propose that additional dextral slip on faults both to the west and east of
the Fish Lake Valley and White Mountains fault
zones may account for the apparent discrepancy,
although dextral slip rates along many of these
faults have not yet been determined.
West of the White Mountains fault zone,
normal faults across the Volcanic Tableland
extending into the southern part of Adobe Valley
account for some of the discrepancy (Fig. 10).
To our knowledge, Bateman (1965) was the first
to suggest that the en echelon geometry of faults
across the Tableland and axes of warping (adjacent broad anticlines and synclines) were the
result of a “rotational couple” or dextral shear.
Moreover, most of the approximately northsouth–striking normal faults strike clockwise
with respect to Sierra Nevada–North America
motion, thus defining releasing steps in a dextral shear zone (e.g., Unruh et al., 2003), and a
few of these normal faults curve into parallelism with Sierra Nevada–North America motion,
suggesting that slip along these segments is
dominantly dextral. Others (e.g., Pinter, 1995;
Phillips and Majkowski, 2011) attributed the
development of normal faults across the Volcanic Tableland to the formation of an arch and
flexure of the Bishop Tuff. It is possible that
faults exposed across the Volcanic Tableland
developed as a consequence of both processes
that acted broadly simultaneously. Phillips and
Majkowski (2011) documented a component of
dextral slip, in addition to normal slip, farther
west, along the northern Round Valley fault,
although a dextral slip rate was not determined.
The dextral slip here projects northward into the
Long Valley Caldera. There may be other faults
throughout this region that also accommodate a
component of northwest dextral shear.
Frankel et al. (2007) suggested that dextral
shear east of the Fish Lake Valley fault zone
was accommodated via an extensional stepover through the Silver Peak–Lone Mountain
extensional complex (Oldow et al., 1994; Hoeft
and Frankel, 2010) and vertical axis rotation
(Petronis et al., 2002, 2007).
Geodynamic Implications
Major fault slip across the Adobe Hills
occurred after the eruption of a sequence of
3.43–3.13 Ma basalt flows. Early to late Pliocene initiation of fault slip or renewed fault
slip occurred throughout the western ECSZWLB–western Basin and Range between lat

Pliocene fault slip across the Adobe Hills
~40°N and 36°N, including (1) dextral slip
across the northern WLB (Henry et al., 2007);
(2) extension across normal faults exposed
along the eastern flank of the central Sierra
Nevada (Henry and Perkins, 2001), the TahoeTruckee half-graben (Surpless et al., 2002), and
the Wassuk Range front fault (Stockli et al.,
2002); (3) sinistral slip along the Coaldale fault
located east of the Adobe Hills (Bradley, 2005;
Lee et al., 2006); (4) extension across the Queen
Valley fault, and by fault slip transfer, dextral
slip along the Owens Valley–White Mountains
fault zone (Stockli et al., 2000, 2003); (5) extension across the eastern Inyo fault zone (Lee
et al., 2009a), Saline Range and Dry Mountains
(Sternlof, 1988), and Malpais Mesa (Casteel,
2005); (6) dextral slip along the Hunter Mountain fault (Lee et al., 2009a; Burchfiel et al.,
1987; Sternlof, 1988); and (7) transtension in
the Coso geothermal field (Monastero et al.,
2005). A change in plate boundary motion has
not been documented for the Pliocene (Atwater
and Stock, 1998), so plate boundary forces do
not appear to have been the trigger for the Pliocene initiation of fault slip and renewal of fault
slip within the western ECSZ-WLB and western margin of the Basin and Range Province.
The trigger for this deformation episode may
have been locally derived internal forces (gravitational potential energy) as a consequence
of removal of lithosphere beneath the Sierra
Nevada ca. 3.5 Ma (e.g., Frassetto et al., 2011;
Jones et al., 2004; Saleeby et al., 2003; Manley
et al., 2000; Ducea and Saleeby, 1998, 1996)
if delamination extends northward beyond the
southern Sierra Nevada (cf. Zandt et al., 2004;
Frassetto et al., 2011; Hammond et al., 2012).
CONCLUSIONS
New geologic map and structural and
Ar/39Ar geochronologic data from the Adobe
Hills, western Mina deflection, highlight a history of pre-Pliocene deformation, rapid basalt
flow emplacement during the late Pliocene,
development of north-northwest–striking normal, northwest-striking dextral, and northeaststriking sinistral faults within a relatively short
period of time, and a minimum late Pliocene
sinistral slip rate of ~0.4–0.5 mm/yr. The dominance of northeast-striking sinistral faults suggests that deformation across this part of the
Mina deflection is characterized by a simple
shear couple/fault block rotation, but paleomagnetic data are needed to test whether the
blocks bounded by the sinistral faults rotated
clockwise during fault slip. The sinistral faults
in the Adobe Hills extend west of the predicted
transfer of 0.8–0.4 mm/yr Pliocene to Pleistocene dextral fault slip from the northern ECSZ
40

into the western Mina deflection (Lee et al.,
2009a). We propose that a component of dextral
slip along the Owens Valley fault is transferred
into the Adobe Hills via dominantly normal,
and to a lesser extent dextral, faults exposed
across the Volcanic Tablelands, Benton Range,
and southern Adobe Valley. The kinematics of
fault slip transfer into the Adobe Hills occur via
a series of releasing bends in a zone dominated
by dextral slip. This zone of dextral shear west
of the White Mountains and Fish Lake Valley
fault zones, along with other structures to the
west and east of these fault zones, may account
for the apparent discrepancy between summed
long-term geologic dextral slip rates and geodetic strain rates across the northernmost part
of ECSZ. The fault history we documented in
the Adobe Hills is part of a regionally extensive
early to late Pliocene onset or renewed deformation episode within the western Basin and
Range. Deformation of this age extends from
the northern WLB (~40°N) southward to the
northern ECSZ (~36°N), and is not associated
with changes in plate motion, but coincides
with the estimated timing of lithospheric drip
from beneath the Sierra Nevada. This temporal
and spatial relationship suggests that the Pliocene deformation episode was driven by locally
derived internal forces.
ACKNOWLEDGMENTS

We thank Seth Pemble and Josh Stodola for their
assistance and enthusiasm in the field, and Chris
Henry for discussions about the field relations in the
Adobe Hills. This research was supported by a U.S.
Geological Survey National Cooperative Geologic
Mapping Program Award (08HQG0055) and a Central
Washington University Seed Grant to Lee. NagorsenRinke received additional funding from the University of California White Mountain Research Station
Graduate Student Mini-grant Program, Central Washington University Graduate Studies and Research,
and a Geological Society of America Graduate Student Research Grant. Thoughtful and constructive
reviews from N. Niemi and J. Wakabayashi resulted in
an improved manuscript. The views and conclusions
contained in this document are those of the authors
and should not be interpreted as necessarily representing the official policies, either expressed or implied, of
the U.S. Government.
REFERENCES CITED
Atwater, T., and Stock, J., 1998, Pacific–North America
plate tectonics of the Neogene southwestern United
States; an update: International Geology Review, v. 40,
p. 375–402, doi:10.1080/00206819809465216.
Bateman, P.C., 1965, Geology and tungsten mineralization
of the Bishop district, California: U.S. Geological Survey Professional Paper 470, 208 p.
Bennett, R., Wernicke, B., Niemi, N.A., Friedrich, A.M.,
and Davis, J.L., 2003, Contemporary strain rates in
the northern Basin and Range Province, United States:
Tectonics, v. 22, 1008, doi:10.1029/2001TC001355.
Bradley, D., 2005, The kinematic history of the Coaldale
fault, Walker Lane Belt, Nevada [M.S. thesis]: Lawrence, Kansas, University of Kansas, 96 p.

Geosphere, February 2013

Burchfiel, B.C., and Stewart, J.H., 1966, “Pull-apart” origin of the central segment of Death Valley, California: Geological Society of America Bulletin, v. 77,
p. 439–442, doi:10.1130/0016-7606(1966)77[439:
POOTCS]2.0.CO;2.
Burchfiel, B.C., Hodges, K.V., and Royden, L.H., 1987,
Geology of Panamint Valley–Saline Valley pull-apart
system, California: Palinspastic evidence for low-angle
geometry of a Neogene range-bounding fault: Journal
of Geophysical Research, v. 92, p. 10,422–10,426,
doi:10.1029/JB092iB10p10422.
Cashman, P.H., and Fontaine, S.A., 2000, Strain partitioning in the northern Walker Lane, western Nevada
and northeastern California: Tectonophysics, v. 326,
p. 111–130, doi:10.1016/S0040-1951(00)00149-9.
Casteel, J.C., 2005, Late Miocene to Holocene faulting
along the southwestern Inyo Mountains fault zone,
eastern California [M.S. thesis]: Ellensburg, Washington, Central Washington University, 72 p.
Crowder, D.F., and Sheridan, M.F., 1972, Geologic map of
the White Mountain peak quadrangle, Mono County,
California: U.S. Geological Survey Map GQ-1012,
scale 1:62,500.
Cunningham, W.D., and Mann, P., eds., 2007, Tectonics of
strike-slip restraining and releasing bends: Geological
Society of London Special Publication 290, 482 p.,
doi:10.1144/SP290.
dePolo, C.M., Peppin, W.A., and Johnson, P.A., 1993,
Contemporary tectonics, seismicity, and potential
earthquake sources in the White Mountains seismic gap, west-central Nevada and east-central California, USA: Tectonophysics, v. 225, p. 271–299,
doi:10.1016/0040-1951(93)90302-Z.
Dilles, J., and Gans, P.B., 1995, The chronology of Cenozoic
volcanism and deformation in the Yerington area, western Basin and Range and Walker Lane: Geological Society of America Bulletin, v. 107, p. 474–486, doi:10.1130
/0016-7606(1995)107<0474:TCOCVA>2.3.CO;2.
Dixon, T.H., Robaudo, S., Lee, J., and Reheis, M.C., 1995,
Constraints on present-day Basin and Range deformation from space geodesy: Tectonics, v. 14, p. 755–772,
doi:10.1029/95TC00931.
Dixon, T.H., Miller, M., Farina, F., Wang, H., and Johnson,
D., 2000, Present-day motion of the Sierra Nevada
block and some tectonic implications for the Basin and
Range province, North American Cordillera: Tectonics,
v. 19, p. 1–24, doi:10.1029/1998TC001088.
Dokka, R.K., and Travis, C.J., 1990, Late Cenozoic strikeslip faulting in the Mojave Desert, California: Tectonics,
v. 9, p. 311–340, doi:10.1029/TC009i002p00311.
Ducea, M.N., and Saleeby, J.B., 1996, Buoyancy sources for
a large, unrooted mountain range, the Sierra Nevada,
California: Evidence from xenoliths thermobarometry:
Journal of Geophysical Research, v. 101, p. 8229–
8244, doi:10.1029/95JB03452.
Ducea, M.N., and Saleeby, J.B., 1998, A case for delamination of the deep batholithic crust beneath the Sierra
Nevada, California: International Geology Review,
v. 40, p. 78–93, doi:10.1080/00206819809465199.
Frankel, K.L., Dolan, J.F., Finkel, R.C., Owen, L.A., and
Hoeft, J.S., 2007, Spatial variations in slip rate along
the Death Valley–Fish Lake Valley fault system determined from LiDAR topographic data and cosmogenic
10
Be geochronology: Geophysical Research Letters,
v. 34, L18303, doi:10.1029/2007GL030549.
Frassetto, A.M., Zandt, G., Gilbert, H., Owens, T.J., and Jones,
C.H., 2011, Structure of the Sierra Nevada from receiver
functions and implications for lithospheric foundering:
Geosphere, v. 7, p. 898–921, doi:10.1130/GES00570.1.
Gilbert, C.M., Christensen, M.N., Yehya Al-Rawl, and
Lajoie, K.R., 1968, Structural and volcanic history of
Mono Basin, California-Nevada, in Coats, R.R., et al.,
eds., Studies in volcanology: A memoir in honor of
Howel Williams: Geological Society of America Memoir 116, p. 275–329.
Hammond, W.C., and Thatcher, W., 2007, Crustal deformation across the Sierra Nevada, northern Walker Lane,
Basin and Range transition, western United States
measured with GPS, 2000–2004: Journal of Geophysical Research, v. 112, doi:10.129/2006JB004625.
Hammond, W.C., Blewitt, G., Li, Zhenhong, Plag, H.-P., and
Kreemer, C., 2012, Contemporary uplift of the Sierra

51

Nagorsen-Rinke et al.
Nevada, western United States, from GPS and InSAR
measurements: Geology, doi:10.1130/G32968.1.
Henry, C.D., and Perkins, M.E., 2001, Sierra Nevada–
Basin and Range transition near Reno, Nevada: Twostage development at 12 and 13 Ma: Geology, v. 29,
p. 719–722, doi:10.1130/0091-7613(2001)029<0719:
SNBART>2.0.CO;2.
Henry, C.D., Faulds, J.E., and dePolo, C.M., 2007, Geometry
and timing of strike-slip and normal faults in the northern
Walker Lane, northwestern Nevada and northeastern
California: Strain partitioning or sequential extensional
and strike-slip deformation?, in Till, A.B., et al., eds.,
Exhumation associated with continental strike-slip
fault systems: Geological Society of America Special
Paper 434, p. 59–79, doi:10.1130/2007.2434(04).
Hoeft, J.S., and Frankel, K.L., 2010, Temporal variations in
extension rate on the Lone Mountain fault and strain
distribution in the eastern California shear zone–
Walker Lane: Geosphere, v. 6, p. 917–936, doi:10.1130
/GES00603.1.
Jones, C.H., Farmer, G.L., and Unruh, J., 2004, Tectonics of
Pliocene removal of lithosphere of the Sierra Nevada,
California: Geological Society of America Bulletin,
v. 116, p. 1408–1422, doi:10.1130/B25397.1.
Kirby, E., Burbank, D., Reheis, M., and Phillips, F., 2006,
Temporal variations in slip rate of the White Mountain fault zone, Eastern California: Earth and Planetary Science Letters, v. 248, p. 168–185, doi:10.1016
/j.epsl.2006.05.026.
Kirby, E., Anandakrishnan, S., Phillips, F., and Marrero,
S., 2008, Late Pleistocene slip rate along the Owens
Valley fault, eastern California: Geophysical Research
Letters, v. 35, L01304, doi:10.1029/2007GL031970.
Krauskopf, K.B., and Bateman, P.C., 1977, Geologic map of
the Glass Mountain Quadrangle, Mono County, California, and Mineral County, Nevada: U.S. Geological Survey Geologic Quadrangle Map GQ-1099, scale 1:62,500.
Lee, J., Rubin, C.M., and Calvert, A., 2001, Quaternary
faulting history along the Deep Springs fault, California: Geological Society of America Bulletin, v. 113,
p. 855–869, doi:10.1130/0016-7606(2001)113<0855:
QFHATD>2.0.CO;2.
Lee, J., Stockli, D., Schroeder, J., Tincher, C., Bradley, D.,
Owen, L., Gosse, J., Finkel, R., and Garwood, J., 2006,
Fault slip transfer in the Eastern California Shear Zone–
Walker Lane Belt, in Kinematics and geodynamics of
intraplate dextral shear in eastern California and western Nevada, Mammoth Lakes, California: Geological
Society of America Penrose Conference Field Trip
Guide, 26 p., doi:101130/2006.FSTITE.PFG.
Lee, J., Stockli, D.F., Owen, L.A., Finkel, R.C., and Kislitsyn,
R., 2009a, Exhumation of the Inyo Mountains, California: Implications for the timing of extension along
the western boundary of the Basin and Range Province
and distribution of dextral slip rates across the eastern California shear zone: Tectonics, v. 28, TC1001,
doi:10.1029/2008TC002295.
Lee, J., Garwood, J., Stockli, D., and Gosse, J., 2009b, Quaternary faulting in Queen Valley, California-Nevada:
Implications for kinematics of fault slip transfer in the
Eastern California Shear Zone–Walker Lane Belt: Geological Society of America Bulletin, v. 121, p. 599–614,
doi:10.1130/B26352.1.
Manley, C.R., Glazner, A.F., and Farmer, G.L., 2000, Timing of volcanism in the Sierra Nevada of California:
Evidence for Pliocene delamination of the batholithic
root?: Geology, v. 28, p. 811–814, doi:10.1130/0091
-7613(2000)28<811:TOVITS>2.0.CO;2.
McClay, K., and Dooley, T., 1995, Analogue models of pull
apart basins: Geology, v. 23, p. 711–714, doi:10.1130
/0091-7613(1995)023<0711:AMOPAB>2.3.CO;2.
McKenzie, D., and Jackson, J., 1983, The relationship
between strain rates, crustal thickening, paleomagmatism, finite strain and fault movements within a deforming zone: Earth and Planetary Science Letters, v. 65,
p. 182–202, doi:10.1016/0012-821X(83)90198-X.
McKenzie, D., and Jackson, J., 1986, A block model of distributed deformation by faulting: Geological Society
of London Journal, v. 143, p. 349–353, doi:10.1144
/gsjgs.143.2.0349.
Monastero, F.C., Katzenstein, A.M., Miller, J.S., Unruh,
J.R., Adams, M.C., and Richards-Dinger, K., 2005,

52

The Coso geothermal field: A nascent metamorphic
core complex: Geological Society of America Bulletin,
v. 117, p. 1534–1553, doi:10.1130/B25600.1.
Nevin, A.E., 1963, Late Cenozoic stratigraphy and structure
of the Benton area, Mono County, California [M.A.
thesis]: Berkeley, University of California–Berkeley,
62 p.
Oldow, J.S., 1992, Late Cenozoic displacement partitioning in the northwestern Great Basin, in Lane, C., and
Steven, D., eds., Structure, tectonics and mineralization of the Walker Lane: Reno, Geological Society of
Nevada Walker Lane Symposium, p. 17–52.
Oldow, J.S., 2003, Active transtensional boundary zone
between the western Great Basin and Sierra Nevada
block, western U.S. Cordillera: Geology, v. 31, p. 1033–
1036, doi:10.1130/G19838.1.
Oldow, J.S., Bally, A.W., Lallemant, H.G.A., and Leeman,
W.P., 1989, Phanerozoic evolution of the North American Cordillera; United States and Canada, in Bally,
A.W., and Palmer, A.R., eds., The geology of North
America: An overview: Boulder, Colorado, Geological
Society of America, Geology of North America, v. A,
p. 139–232.
Oldow, J.S., Kohler, G., and Donelick, R.A., 1994, Late Cenozoic extensional transfer in the Walker Lane strike-slip
belt, Nevada: Geology, v. 22, p. 637–640, doi:10.1130
/0091-7613(1994)022<0637:LCETIT>2.3.CO;2.
Oldow, J.S., Elias, E.A., Ferranti, L., McClelland, W.C., and
McIntosh, W.C., 2009, Late Miocene to Pliocene synextensional deposition in fault-bounded basins within the
upper plate of the western Silver Peak–Lone Mountain
extensional complex, west-central Nevada, in Oldow,
J.S., and Cashman, P.H., eds., Late Cenozoic structure
and evolution of the Great Basin–Sierra Nevada transition: Geological Society of America Special Paper 447,
p. 275–312, doi:10.1130/2009.2447(14).
Onstott, T.C., Miller, M.L., Ewing, R.C., and Walsh, D., 1995,
Recoil refinements: Implications for the 40Ar/39Ar dating
technique: Geochimica et Cosmochimica Acta, v. 59,
p. 1821–1834, doi:10.1016/0016-7037(95)00085-E.
Oskin, M., and Iriondo, A., 2004, Large-magnitude transient
strain accumulation on the Blackwater fault, Eastern
California shear zone: Geology, v. 32, p. 313–316,
doi:10.1130/G20223.1.
Oskin, M., Perg, L., Blumentritt, D., Mukhopadhyay, S.,
and Iriondo, A., 2007, Slip rate of the Calico fault:
Implications for geologic versus geodetic rate discrepancy in the Eastern California Shear Zone: Journal of
Geophysical Research, v. 112, B03402, doi:10.1029
/2006JB004451.
Oswald, J.A., and Wesnousky, S.G., 2002, Neotectonics
and Quaternary geology of the Hunter Mountain fault
zone and Saline Valley region, southeastern California:
Geomorphology, v. 42, p. 255–278, doi:10.1016/S0169
-555X(01)00089-7.
Peltzer, G., Crampe, F., Hensley, S., and Rosen, P., 2001,
Transient strain accumulation and fault interaction
in the Eastern California shear zone: Geology, v. 29,
p. 975–978, doi:10.1130/0091-7613(2001)029<0975:
TSAAFI>2.0.CO;2.
Petronis, M.S., Geissman, J.W., Oldow, J.S., and McIntosh,
W.C., 2002, Paleomagnetic and 40Ar/39Ar geochronologic data bearing on the structural evolution of the
Silver Peak extensional complex, west-central Nevada:
Geological Society of America Bulletin, v. 114,
p. 1108–1130.
Petronis, M.S., Geissman, J.W., Oldow, J.S., and McIntosh, W.C., 2007, Tectonism of the southern Silver
Peak Range: Paleomagnetic and geochronologic data
bearing on the Neogene development of a regional
extensional complex, central Walker Lane, Nevada,
in Roeske, S.M., et al., eds., Exhumation associated
with continental strike-slip fault systems: Geological
Society of America Special Paper 434, p. 81–106, doi:
10.1130/2007.2434(05).
Petronis, M.S., Geissman, J.W., Oldow, J.S., and McIntosh,
W.C., 2009, Late Miocene to Pliocene vertical-axis
rotation attending development of the Silver Peak–
Lone Mountain displacement transfer zone, westcentral Nevada, in Oldow, J.S. and Cashman, P.H.,
eds., Late Cenozoic structure and evolution of the
Great Basin–Sierra Nevada transition: Geological

Geosphere, February 2013

Society of America Special Paper 447, p. 215–253,
doi:10.1130/2009.2447(12).
Phillips, F.M., and Majkowski, L., 2011, The role of lowangle normal faulting in active tectonics of the northern
Owens Valley California: Lithosphere, v. 3, p. 22–36,
doi:10.1130/L73.1.
Pinter, N., 1995, Faulting on the Volcanic Tableland, Owens
Valley, California: Journal of Geology, v. 103, p. 73–83,
doi:10.1086/629723.
Reheis, M.C., and Dixon, T.H., 1996, Kinematics of the Eastern California shear zone: Evidence for slip transfer from
Owens and Saline Valley fault zones to Fish Lake Valley fault zone: Geology, v. 24, p. 339–342, doi:10.1130
/0091-7613(1996)024<0339:KOTECS>2.3.CO;2.
Reheis, M.C., Stine, S., and Sarna-Wojcicki, A.M., 2002,
Drainage reversals in Mono Basin during the late Pliocene and Pleistocene: Geological Society of America
Bulletin, v. 114, p. 991–1006, doi:10.1130/0016-7606
(2002)114<0991:DRIMBD>2.0.CO;2.
Rinehart, C.D., and Ross, D.C., 1957, Geologic map of
Casa Diablo Mountain Quadrangle, California: U.S.
Geological Survey Geologic Quadrangle Map GQ-99,
scale 1:62,500.
Rockwell, T.K., Lindvall, S., Herzberg, M., Murbach, D.,
Dawson, T., and Berger, G., 2000, Paleoseismology of
the Johnson Valley, Kickapoo, and Homestead Valley
faults: Clustering of earthquakes in the eastern California shear zone: Seismological Society of America Bulletin, v. 90, p. 1200–1236, doi:10.1785/0119990023.
Rogers, A.M., Harmsen, S.C., Corbett, E.J., Priestly, K., and
dePolo, D., 1991, The seismicity of Nevada and some
adjacent parts of the Great Basin, in Slemmons, D.B.,
et al., eds., Neotectonics of North America: Boulder,
Colorado, Geological Society of America, Decade of
North American Geology Map Volume 1, p. 153–184.
Rood, D.H., Burbank, D.W., Herman, S.W., and Bogue, S.,
2011, Rates and timing of vertical-axis block rotations
across the central Sierra Nevada–Walker Lane transition in the Bodie Hills, California/Nevada: Tectonics,
v. 30, TC5013, doi:10.1029/2010TC002754.
Ryall, A.S., and Priestly, K., 1975, Seismicity, secular strain,
and maximum magnitude in the Excelsior Mountains
area, western Nevada and eastern California: Geological Society of America Bulletin, v. 86, p. 1585–1592,
doi:10.1130/0016-7606(1975)86<1585:SSSAMM
>2.0.CO;2.
Saleeby, J., Ducea, M., and Clemens-Knott, D., 2003, Production and loss of high-density batholithic root, southern Sierra Nevada, California: Tectonics, v. 22, 1064,
doi:10.1029/2002TC001374.
Sarna-Wojcicki, A., Pringle, M.S., and Wijbrans, J., 2000,
New 40Ar/39Ar age of the Bishop tuff from multiple
sites and sediment rate calibration for the MatuyamaBrunhes boundary: Journal of Geophysical Research,
v. 105, p. 21,431–21,443, doi:10.1029/2000JB900901.
Sheehan, T.P., 2007, Evolution of Neogene fault populations
in northern Owens Valley, California and implications
for the Eastern California shear zone [Ph.D. thesis]:
New Orleans, Louisiana, Tulane University, 203 p.
Sternlof, K.R., 1988, Structural style and kinematic history
of the active Panamint-Saline extensional system, Inyo
County, California [M.S. thesis]: Cambridge, Massachusetts Institute of Technology, 40 p.
Stockli, D.F., Farley, K.A., and Dumitru, T.A., 2000, Calibration of the apatite (U-Th)/He thermochronometer
on an exhumed fault block, White Mountains, California: Geology, v. 28, p. 983–986, doi:10.1130/0091
-7613(2000)28<983:COTAHT>2.0.CO;2.
Stockli, D.F., Surpless, B.E., Dumitru, T.A., and Farley,
K.A., 2002, Thermochronological constraints on the
timing and magnitude of Miocene and Pliocene extension in the central Wassuk Range, western Nevada:
Tectonics, v. 21, 1028, doi:10.1029/2001TC001295.
Stockli, D.F., Dumitru, T.A., McWilliams, M.O., and Farley,
K.A., 2003, Cenozoic tectonic evolution of the White
Mountains, California and Nevada: Geological Society
of America Bulletin, v. 115, p. 788–816, doi:10.1130
/0016-7606(2003)115<0788:CTEOTW>2.0.CO;2.
Surpless, B.E., Stockli, D.F., Dumitru, T.A., and Miller, E.L.,
2002, Two-phase westward encroachment of Basin and
Range extension into the northern Sierra Nevada: Tectonics, v. 21, 1002, doi:10.1029/2000TC001257.

Pliocene fault slip across the Adobe Hills
Tincher, C.R., and Stockli, D.F., 2009, Cenozoic volcanism
and tectonics in the Queen Valley area, Esmeralda
County, western Nevada, in Oldow, J.S., and Cashman,
P.H., eds., Late Cenozoic structure and evolution of
the Great Basin–Sierra Nevada transition: Geological
Society of America. Special Paper, v. 447, p. 255–274,
doi:10.1130/2009.2447(13).
Tosdal, R.M., Wooden, J.L., and Kistler, R.W., 2000, Geometry of the Neoproterozoic continental break-up, and

implications for location of Nevadan mineral belts, in
Cluer, J.K., et al., eds., Geology and ore deposits 2000:
The Great Basin and beyond: Reno, Geological Society
of Nevada, p. 451–466.
Turner, G., and Cadogan, P.H., 1974, Possible effects of
39
Ar recoil in 40Ar-39Ar dating: Geochimica et Cosmochimica Acta, v. 2, supplement, p. 1601–1615.
Unruh, J., Humphrey, J., and Barron, A., 2003, Transtensional
model for the Sierra Nevada frontal fault system, east-

Geosphere, February 2013

ern California: Geology, v. 31, p. 327–330, doi:10.1130
/0091-7613(2003)031<0327:TMFTSN>2.0.CO;2.
Wesnousky, S.G., 2005, Active faulting in the Walker Lane:
Tectonics, v. 24, TC3009, doi:10.1029/2004TC001645.
Zandt, G., Gilbert, H., Owens, T.J., Ducea, M., Saleeby, J.,
and Jones, C.H., 2004, Active foundering of a continental arc root beneath the southern Sierra Nevada
in California: Nature, v. 431, p. 41–46, doi:10.1038
/nature02847.

53

